Abstract-The detection and amplification of molecular absorption lines from a chemical weapons simulant is demonstrated using plasmonic antennas fabricated from n-Ge epitaxially grown on Si. A free-standing Si0.25Ge0.75 microbolometer detector with n-Ge plasmonic antenna is demonstrated as an integrated midinfrared plasmonic sensor.
I. INTRODUCTION
Plasmons are the free electron oscillations in a metal coupled to photons [1] and allow the near field amplification of radiation below the plasmon edge defined in wavelength as
where N is the doping density, m * is the effective mass, ǫ 0 is the permittivity of free space, ǫ ∞ is the high frequency dielectric constant, q is the electron charge, c is the speed of light and λ is the wavelength [2] . In the visible, metals such as Au and Ag can be used but these are incompatible with silicon foundries due to fast diffusion and deep level trap states. Here we demonstrate heavily doped semiconductors, doped well above the Mott metal-insulator transition criteria, as plasmonic materials for the mid-infrared wavelengths. Many molecules can be identified at mid-infrared wavelengths due to the strong molecular absorption lines related to individual bonds. We demonstrate n-Ge epitaxially grown on Si substrates and use it as a mid-infrared plasmonic material. Plasmonic antennas are demonstrated to provide amplification of specific molecular absorption lines of a chemical weapon simulant as an example. Applications of mid-infrared plasmonic sensors include healthcare, environmental and chemical, biological, radiological, nuclear and explosives (CBRNE) security sensing.
n-Ge epilayers on high resistivity Si (001) substrates were grown using low-energy plasma enhanced chemical vapour deposition [3] . The decrease in the wavelength (increase in the wavenumber) of the plasmon edge as the doping density increased for n-Ge epilayers of thicknesses between 600 nm and 1000 nm [2] [4] [5] is demonstrated in Fig. 1 . An activated doping density of 1.3×10 20 cm −3 at 300 K enables the lowest wavelength of ∼ 3.9 µm to be achieved. This is sufficient to enable the whole of the important 6.7 to 20 µm molecular fingerprint region which has only really been successfully used with Fourier transform infrared (FTIR) systems and a significant part of the 3 to 5 µm gas detection window. Electron beam lithography and reactive ion etching [6] on the 1000 nm thick n-Ge material (comparable to the skin depth in the 10 to 20 µm wavelength region) [4] was used to fabricate a range of single and gap antennas into arrays over a 5 × 5 mm 2 array. Fig. 2 provides a scanning electron microscope (SEM) image of a set of gap antennas. The substrate side plasmonic resonance can be tuned by varying the antenna length (1 to 4 µm) allowing the targeting of specific molecular absorption lines for identification [4] . Fig. 3 demonstrates a chemical weapons application using the n-Ge antennas in Fig. 2 . The FTIR spectrum of the mustard gas simulant chloroethyl methyl sulphide (CEMS -see Wavelength ( m) Cl CH 3 S Fig. 3 . Top: the transmission spectrum of CEMS measured by FTIR. Middle: the reflection spectrum of a n-Ge plasmonic antenna array without CEMS (dashed black line) and the array with CEMS (red line). Bottom: the difference between the clean and CEMS coated plasmonic antenna spectrums. chemical and biological weapons have unique molecular bonding absorption lines in the spectroscopic fingerprint region of 6.7 to 15 µm. A few drops of CEMS liquid was deposited on a set of antennas (red line in Fig. 3 ) and the difference was taken from a clean set of antennas (black dashed line) to leave the difference spectrum of CEMS (solid black line at bottom of Fig. 3 ). Only the absorption lines for wavelengths longer than the plasmon edge (10 µm for this material doped at 2.3 × 10 19 cm −3 ) are amplified by the plasmonic antennas. n-Ge antennas used to measure absorptions in polydimethylsiloxane (PDMS) have demonstrated amplification up to two orders of magnitude at 12.5 µm wavelength [4] . Whilst Au and Ag do provide lower losses than n-Ge due to the higher electrical conductivity, this is counterbalanced by a significantly higher degree of field confinement in n-Ge since the doped semiconductor demonstrates true plasmonic behaviour [5] . Fig. 4 is a SEM image of single n-Ge antenna fabricated on a free standing microbolometer detector. Simulations indicate that a 1 µW absorption from a plasmonic resonance illuminated from a mid-infrared source raises the microbolometer temperature by 5.5 K inside 150 ms whilst the microbolometers have sensitivity to mK temperature changes.
II. CONCLUSION Physical doping has been used to demonstrate plasmonic behaviour in Ge antenna on Si substrates down to ∼3.9 µm wavelengths. Examples of chemical weapons identification and integrated mid-infrared sensors on a Si platform using microbolometer detectors have been demonstrated.
